An investigation into the co-ordination chemistry of tris(6-pivaloylamino-2-pyridylmethyl)amine (TPPA) shows a preference for capped octahedral geometry when no additional donors are present. This tripodal ligand yields capped octahedral complexes upon co-ordination to a series of first row transition metals when the counter-ion is a perchlorate, bromide or iodide ion. The exact geometry has been confirmed by shape mapping calculations. The largest variation from the capped octahedral geometry is observed in the case of nickel(II), indicating a greater octahedral preference of this metal ion.
Introduction
The tripodal tetraamine ligand, tris(2-pyridylmethyl)amine (TPA), was first synthesised in 1967 by Anderegg and Wenk, 1 and its co-ordination chemistry has since been extensively studied. [2] [3] [4] [5] [6] The TPA framework ( Fig. 1) is sterically suited to co-ordinating via a trigonal pyramidal arrangement of donor atoms, and typically an additional ligand will approach axially to give a trigonal bipyramidal co-ordination geometry around the metal cation. Although there are several exceptions to this, such as the co-ordination to Pt(II) and Pd(II), which prefer square planar geometries, causing the ligand to bind in a hypodentate manner in which one pyridine does not co-ordinate. 7, 8 Similar tridentate co-ordination modes have also been observed upon co-ordination to ruthenium(II) 9 and iron(II). per metal ion), it is interesting that derivatives of TPA (such as TPPA), where the pyridyl groups are substituted with additional donor atoms, 5, 12, 13 generally result in the isolation of five co-ordinate species even though they are potentially heptadentate. Presumably, this is due to poor metal-ligand interactions in this geometry meaning that the five co-ordinate geometry is favourable. However, the nature of these substituents and the position on the pyridyl rings have been shown to have significant effects on the structural and physical properties of their metal complexes. [14] [15] [16] A common set of derivatives of TPA is generated by alkyl substitution at the 6-position of the pyridyl groups. This simple modification can produce unfavourable steric interactions which influence the ligand's ability to bind to the metal. In a few reported examples of TPA, substituents at the 6-position on each of the pyridyl groups have been shown to block further co-ordination entirely; for example, some TPA derivatives containing methyl 15, 16 and phenyl 17 functionalities have been reported which, upon complexation to Cu(I) cations, lead to four-coordinate Cu(I) complexes. Mareque Rivas 18 and others 19 have carried out investigations into the hydrogen bond donor properties of complexes of tris(2-pyridylmethyl)amine (TPA) derivatives, with respect to their ability to interact with the auxiliary ligand occupying the final axial co-ordination site of the complex. Despite the heptadentate nature of this ligand, only five co-ordinate complexes have been reported to date. This may be due to the nature of the mixture of ligands available to the metal centre. With this in mind, we set out to determine whether, in the absence of other suitable ligands, seven co-ordinate species could be isolated from TPPA. In addition, as only Cu(II) complexes of TPPA have been crystallographically characterised, we investigated the co-ordination of this ligand with other transition metal ions.
Experimental
All reagents and solvents were purchased from commercial sources and used as received, unless noted otherwise. NMR spectra were measured using a Bruker AM 250-400 or Bruker Av-500 Plus FT-NMR spectrometer. Residual signals of the solvent were used for reference for 1 H and 13 C NMR. For infrared spectra, each compound was pressed into a disk with an excess of dried KBr and measured using a Jasco 660 FT-IR spectrophotometer. Electrospray (ES) and high-resolution (HR) mass spectra were measured using a Waters LCT Premier XE (oa-TOF) mass spectrometer. UV-vis absorption spectra were run in HPLC grade acetonitrile (Fisher) and measured using a Jasco V-570 spectrophotometer from 230 to 1100 nm (optical path length 1.0 cm). Elemental analyses were carried out by the Warwick Analytical Service, University of Warwick. The cyclic voltammetry experiments were carried out using an AUTOLAB PGSTAT12 potentiostat in conjunction with the General Purpose Electrochemical System software (GPES version 4.7 for Windows) in a specially designed three-electrode glass cell with a Teflon-coated cell cap. A bioanalytical platinum working electrode (model no. MF2013) with a 1.6 mm disk was used for all experiments. The counter electrode was a platinum wire and the reference electrode an Ag/AgNO 3 electrode. To regain electrochemical sensitivity and reproducibility the working electrode was polished, with 600 grid emery paper, to a mirror surface and then ultrasonicated. Prior to each experiment, the electrode was washed with high performance liquid chromatography (HPLC) grade CH 3 6 ] solution in CH 3 CN was used as the supporting electrolyte. In all cases, ferrocene was used as an internal reference. Solutions were degassed with nitrogen and a nitrogen atmosphere was maintained over the solution during the experiment.
Tris(6-pivaloylamino-2-pyridylmethyl)amine (TPPA) was prepared as reported by Harata et al. General procedure for the synthesis of metal complexes
The ligand (1 equivalent, typically 0.085 mmol) was dissolved in the minimum amount of acetonitrile (typically 3 mL). The solutions were warmed to ca. 60°C to ensure that the ligand fully dissolved. To this stirring solution, the metal perchlorate, chloride or iodide salt (1 equivalent) dissolved in acetonitrile (typically ∼2 mL) was added dropwise. Recrystallisation of the compounds typically involved the diffusion of diethyl ether into acetonitrile solutions which were filtered through Celite. The yields from these reactions were moderate to high (25-97% 
Results and discussion

Synthesis of the ligand and complexes
Tris(6-pivaloylamino-2-pyridylmethyl)amine (TPPA) (7.272 g, 66%) was synthesised according to a literature procedure. which was dissolved in the minimum amount of warm acetonitrile. The metal salt (1 equivalent) was dissolved in acetonitrile and added dropwise. The compound was isolated by crystallisation through diffusion of diethyl ether vapour into the acetonitrile reaction mixture. On some occasions (Mn(II), Fe(II)), slow evaporation was used to obtain crystals. The yields from these reactions ranged from moderate to good (25-97%), though, of course, this reflects the amount of product that precipitated from solution, not the yield of product from the initial reaction. The crystalline material was subsequently used for all spectroscopic measurements.
Spectroscopic properties of complexes IR spectra. The free ligand reveals a very strong single band at 1691 cm −1 , assigned to the ν(CvO) vibration of the three equivalent amide carbonyl groups (Table 1 ). This signal is observed at lower energy in all complexes upon co-ordination to the metal. For complex 6, although the solid state structure shows two carbonyl environments, neither are directly co-ordinated to the metal centre, though two amides form strong hydrogen bonds to the co-ordinated chlorides. The cyclic voltammogram of the cobalt(II) complex, 3, reveals a quasi-reversible redox process in the anodic region at +0.588 V (65) which has been tentatively assigned to the Co(II)/ Co(III) couple. There is also a further irreversible oxidation at +0.354 V.
No reversible processes are observed in the cyclic voltammogram of the nickel compound 4. Only one irreversible reduction at −2.14 V (vs. Fc + /Fc) is seen.
Electronic absorption spectra
The electronic spectra of L 1 and its complexes have been measured and the data are presented in Table 3 . All measurements were recorded from an acetonitrile solution of the respective complex. The free ligand shows typical π-π* transitions at high energy (243, 284 and 320 nm). Each of the complexes, 2-4, also reveals π-π* transitions at similar energy to those of the free ligand. in theory show extensive splitting of the free ion F terms (to 2A 2 , A 1 and 2E) and P terms (to A 2 and E), the observed spectrum suggests that the splitting is small and best approximated to an octahedral geometry. However, the lowest energy transition is significantly higher than that observed for most octahedral Co(II) complexes 28 and it is likely that the first transition was not observed in the available spectral range (300-1100 nm 
Crystallographic studies
All single crystal X-ray data were collected on a Bruker/Nonius Kappa CCD diffractometer using graphite monochromated Mo-Kα radiation (λ = 0.71073 Å), equipped with an Oxford Cryostream cooling apparatus. Crystal parameters and details of the data collection, solution and refinement are presented in Table 4 . The data were corrected for Lorentz and polarization effects and for absorption using SORTAV. 29 Generally structure solution was achieved by direct methods (the Sir-92 program system) 30 and refined by full-matrix least-squares on 31 with all non-hydrogen atoms assigned anisotropic displacement parameters. Hydrogen atoms attached to carbon atoms were placed in idealised positions and allowed to ride on the relevant carbon atom. In the final cycles of refinement, a weighting scheme that gave a relatively flat analysis of variance was introduced and refinement continued until convergence was reached. Molecular structures in the figures were drawn with ORTEP-3.0 for Windows (version 2.02). 32 The metal co-ordination geometry is given for all structures in Table 5 . Continuous shape mapping (CShM) was used to calculate the deviation in the core geometry of crystal structures. 33 (Fig. 2) . The Mn II ion lies at the centre of a slightly distorted capped octahedron co-ordination geometry which has been confirmed by CShM (Table 6 ). The Mn II ion is surrounded by two types of donor atoms. There are four N-donors N1, N2, N4 and N6 and three oxygen donors O1, O2 and O3 (Fig. 3) . The co-ordinative bond lengths range from 2.161(3) Å to 2.316(4) Å. The co-ordinative bond lengths of nitrogen donors N1, N2, N4 and N6 ( is co-ordinated via four N-donors and three oxygen donors. Again, the core geometry is best described as a capped octahedron, with S(OCF) and S(TPRS) values of 0.335 and 1.498, respectively ( Table 6 ). The co-ordinative bond lengths are ).
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shorter than those observed for Mn(II) and range from 2.132(5) Å to 2.257(5) Å ( (Fig. 4) . There are four nitrogens and three oxygens within the co-ordinative sphere of the central Co(II) ion. In an attempt to grow crystals of 3, the perchlorate salt was used with no success. However, crystals were obtained by using HBrL 1 . The co-ordination geometry of the Co II ion is best described as a capped octahedron similar to all other structures (except compound 6). This is the first example of Co II being seven coordinate in a TPA based ligand.
[ Fig. 5 and 6 ). The co-ordinative bond lengths are typical with the exception of the long Ni II -N1 bond ( (5) . The zinc compound crystallises in the monoclinic space group C2/c and contains one complex within the asu (Fig. 7) . The Zn(II) cation lies at the centre of a capped octahedral geometry (Table 6 ). There are four nitrogen donors (N1, N2, N3 and N4) and three oxygen donors (O1, O2 and O3) (Fig. 8) . All four M-N bond lengths are very similar in length and vary from 2.182 (4) (Fig. 9 ). The Zn(II) cation lies at the centre of a slightly distorted trigonal bipyramidal geometry (Tables 7 and 8 ).
There are three nitrogen donors (N1, N2 and N4), two of which are pyridyl groups, the other being an aliphatic nitrogen donor (N1). The aliphatic nitrogen donor and two chloride donors occupy the equatorial positions. One arm of TPPA does not 
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40.8620 (8) 40.995 (5) 19.6165 (5) 11.1018 (7) 11.2206 (3) 9.1250 (7) 11.2190 (2) 16.2935 (5) c (Å) 11.1620 (2) 11.101 (5) 37.6128 (12) 58.814 (4) 21.1473 (8) 24.5700 (12) 38.5920 (4) 28.8420 (13) α ( co-ordinate to the metal centre (Fig. 10) . The co-ordinative bond lengths are typical of nitrogen donors and vary from 2.139(5) Å to 2.233(5) Å (Table 7) and again are similar to the compound [Zn II (TPA)Cl]Cl. 36 Hydrogen bond interactions are observed between H 3a ⋯Cl 1 and H 5a ⋯Cl 1 (Fig. 11) Similar to 5 the metal ion lies within a slightly distorted capped octahedron (Table 6 ), although the complex now has threefold symmetry with all pyridyl donors and oxygen donors being symmetrically equivalent (Fig. 13) pound crystallises in the trigonal space group R32 and contains one complex within the asu (Fig. 14) . The cadmium complex again has a seven co-ordinated, capped-octahedral geometry (Table 6 ). Unexpectedly, in the crystals obtained, a sodium perchlorate molecule co-crystallised. The sodium Fig. 3 A view of the core geometry of 1 of covalent bond radius less than 3 Å. The metal has been removed to help illustrate the geometry. Fig. 4 The asymmetric unit of 3. Displacement ellipsoids are shown at 50% probability. H atoms are of arbitrary size. Fig. 6 A view of the core geometry of 4 of covalent bond radius less than 3 Å. The metal has been removed to help illustrate the geometry. 
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Structural analysis
Continuous shape mapping (CShM) quantifies the shape of a co-ordination geometry when compared to idealised polyhedra. It allows the identification of any distortion from the idealised geometry and the S value for a given geometry is a measure of how close it is to a given idealised geometry. Near-perfect shapes will have an S value close to zero and geometries which depart significantly from a perfect polyhedron will have higher S values. Table 6 lists the shape values for complexes 1-5, 7 and 8 for the various seven vertices structures. Fig. 8 A view of the core geometry of 5 of covalent bond radius less than 3 Å. The metal has been removed to help illustrate the geometry. Fig. 9 The asymmetric unit of 6. Displacement ellipsoids are shown at 50% probability. H atoms are of arbitrary size. The asymmetric unit of 7. Displacement ellipsoids are shown at 50% probability. H atoms are of arbitrary size. Fig. 10 A view of the core geometry of 6 of covalent bond radius less than 3 Å. The metal has been removed to help illustrate the geometry.
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Conclusions
A series of transition metal complexes with a trisamide ligand based on a TPA framework have been synthesised and structurally characterised. This ligand readily forms seven co-ordinate complexes when no additional potential ligands are present. However, in the case of 6, a five coordinate trigonal bipyramidal geometry is preferred due to the co-ordination of chloride anions to the metal centre. This formation of a five co-ordinate species in the presence of the chloride anion shows how the resulting co-ordination environment seems to be dependent on the identity of the counter-ion and suggests that the donor strength of the carbonyl in L 1 is intermediate to chloride and bromide. In fact, bromide, iodide and perchlorate are all weaker donors than the carbonyl and result in seven co-ordinate structures. In addition, the ability of ternary ligands to bind to ML 1 may also be modified by the ternary ligand's ability to hydrogen bond to L 1 upon co-ordination to the metal.
With the exception of the five co-ordinate complex, 6, all the seven co-ordinate structures are best described as having a capped octahedral metal centre, though the shape analysis highlights how closely related the MCO and MCTP geometries are. Table 9 shows the angles θ 2 and θ 5 (see Fig. 15 ) for all mono capped octahedron structures in relation to the ideal and Hoffman ideal angles. 37 In this model, θ 2 is the N-M-N angle between the capping N, the metal centre and any of the next three nearest N atom donors. θ 5 is the N-M-N angle between the capping N donor and the furthest three N donors. It would appear that the ML 1 structures are sterically constrained and all angles lie between the ideal CO and Hoffman ideal angles. 37 In addition, due to the long bond for Ni-N1, in comparison to all other M-N1 bonds, we can see that θ 2 (N1-Ni-N2, N1-Ni-N4, N1-Ni-N6) is relatively acute compared to θ 2 in the other complexes; however, in general terms, it is interesting to note that such a different structure only produces a ∼3-4°change in angle when compared to the other late transition metal ions, while the larger cations, Mn(II) and Cd(II), are different again and the angles lie between those observed for nickel and the other metals. Finally, a CCDC database search shows how rare this coordination number is for transition metal complexes. For example, among all manganese structures only 6.1% are seven coordinate, iron ∼4.0%, cobalt ∼2.3%, nickel ∼0.7%, zinc ∼0.4%, and cadmium ∼7.3%. This tripodal ligand favours the formation of seven co-ordinate capped octahedral complexes when no additional ligands are present. Such geometries are extremely rare and more typically seen in complexes of the larger cations, such as Mn(II) and Cd(II). It is particularly unusual to observe seven co-ordinate structures of Ni(II) and Zn(II). The crystallographic data highlight how the pre-organisation of the ligand leads to what may typically be regarded as an unfavourable geometry of the transition metal ions and the ig. 15 θ 2 and θ 5 in a mono capped octahedron. Fig. 13 A view of the core geometry of 7 of covalent bond radius less than 3 Å. The metal has been removed to help illustrate the geometry.
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formation of seven co-ordinate species with labile amide donors may be useful for the formation of catalyst precursors.
